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Abstract
We show that existing laboratory experiments have the potential to unveil the origin
of matter by probing leptogenesis in the type-I seesaw model with three right-handed
neutrinos and Majorana masses in the GeV range. The baryon asymmetry is gener-
ated by CP-violating flavour oscillations during the production of the right-handed
neutrinos. In contrast to the case with only two right-handed neutrinos, no degen-
eracy in the Majorana masses is required. The right-handed neutrinos can be found
in meson decays at BELLE II and LHCb.
1 Introduction
All matter particles in the Standard Model (SM) except neutrinos have been observed with
both, left-handed (LH) and right-handed (RH) chirality. If RH neutrinos exist, they can
explain several phenomena which cannot be understood in the framework of the SM, for
a review see e.g. Refs. [1, 2]. In particular, they give neutrinos masses via the seesaw
mechanism [3–6] and can at the same time generate the baryon asymmetry of the universe
(BAU) via leptogenesis [7]. Leptogenesis with n = 2 RH neutrinos has been studied in
detail, and it was found that the BAU can only be explained if their masses are either very
heavy [8–10] or degenerate 1, see e.g. [15, 16] and [12, 14, 17–21]. In the former case the
new particles are too heavy to be seen in any experiment. In the latter case it was found
that their interaction strengths, characterized by mixing angles with ordinary neutrinos,
are generally too feeble to give measurable branching ratios in existing experiments [14,
19, 22, 23]. They could be found in dedicated future experiments [24] using present day
technology [14, 19]. In this work we show that both shortcomings, the “tuned” mass
degeneracy and suppressed production rates at colliders, are specific to the scenario with
n = 2 and can be avoided if three or more RH neutrinos participate in leptogenesis even if
there is no other physics beyond the SM.
The present article is organized as follows. In Sec. 2 we recapitulate the type-I seesaw
model and introduce our notation. In Sec. 3 we briefly summarize the mechanism of
leptogenesis via neutrino oscillations. In Sec. 4 we identify a range of sterile neutrino
masses and mixings that can explain the observed BAU. We discuss the perspectives to
1The νMSM-scenario proposed in [11, 12] involves three sterile flavours, but one of them is required
to be a Dark Matter candidate and couples to weakly to contribute to the seesaw and leptogenesis, see
[13, 14] for details.
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explore this region experimentally in Sec. 5. In Sec. 6 we comment on the dependence of
the baryogenesis region on the choice of model parameters. We draw conclusions in section
7.
2 The model
We consider the most general renormalizes Lagrangian in Minkowski space that only con-
tains SM fields and RH neutrinos νR,
L = LSM + iνR 6∂νR − lLFνRΦ˜− Φ˜†νRF †lL
−1
2
(νcRMMνR + νRM
†
Mν
c
R). (1)
Here flavour and isospin indices are suppressed. LSM is the SM Lagrangian, lL = (νL, eL)T
are the left handed SM lepton doublets, Φ is the Higgs doublet and Φ˜ = ǫΦ∗, where ǫ is
the antisymmetric SU(2) tensor. F is a matrix of Yukawa couplings and MM a Majorana
mass term for νR with ν
c
R = CνR
T . The charge conjugation matrix is C = iγ2γ0. For n
flavours of νR, the eigenvalues of MM introduce n new mass scales in nature. In analogy
with the LH sector we consider the case of n = 3 flavours of RH neutrinos. This is the
minimal number required to generate three non-zero light neutrino masses. We work in a
flavour basis where MM = diag(M1,M2,M3). For MI ≫ 1 eV one observes two distinct
sets of mass eigenstates, which we represent by flavour vectors of Majorana spinors ν and
N . The elements νi of the flavour vector
ν = V †ν νL − U †νθνcR + c.c. (2)
are mainly superpositions of the “active” SU(2) doublet states νL and have light masses
∼ mν = −θMMθT ≪ MM . The elements NI of
N = V †NνR +Θ
TνcL + c.c. (3)
are mainly superpositions of the “sterile” singlet states νR and have masses of the order
of MI . Here c.c. stands for the c-conjugation defined above, Θ ≪ 1 is the mixing matrix
between active and sterile neutrinos and θ ≡ ΘUTN . Vν is the usual neutrino mixing matrix
and Uν its unitary part, VN and UN are their equivalents in the sterile sector. To be precise:
Vν ≡ (1 − 12θθ†)Uν with θ ≡ mDM−1M , mD ≡ Fv and the temperature dependent Higgs
field expectation value v (v = 174 GeV at temperature T = 0). The unitary matrices Uν
and UN diagonalize the mass matrices
mν ≃ −θMMθT = − 1
v2
FM−1M F
T and (4)
MN = MM +
1
2
(
θ†θMM +M
T
Mθ
T θ∗
)
, (5)
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respectively. Experimentally the magnitude of theMI is almost unconstrained, as neutrino
oscillation experiments at energies E ≪MI only involve the light states νL and probe the
eigenvalues of the combination mνm
†
ν , which can be matched for any choice of MI between
sub-eV values [25] and the scale of grand unification if the FαI are chosen appropriately. The
phenomenological implications for different choices of these parameters can be extremely
different, see e.g. Refs. [1, 2] for a summary. Confirmation of the model (1) requires the
masses of the new states NI to be within reach of experiments.
For n = 3 the Lagrangian (1) contains 18 new physical parameters. We use the Casas-
Ibarra parametrization [26] for the Yukawa matrices
F =
1
v
Uν
√
mdiagν R
√
MM . (6)
Here mdiagν = U
†
νmνU
∗
ν = diag(m1, m2, m3) and R is a matrix with RTR = 1 that can be
parametrized by complex mixing angles ωij as
R = R(23)R(13)R(12) . (7)
with the non-zero elements
R(ij)ii = R(ij)jj = cosωij,
R(ij)ij = sinωij , R(ij)ji = − sinωij , R(ij)kk =
k 6=i,j
1.
In the flavour basis where the charged lepton Yukawa couplings are diagonal the matrix
Uν can be parameterized as
Uν = V
(23)UδV
(13)U−δV
(12)diag(eiα1/2, eiα2/2, 1)
with U±δ = diag(e
∓iδ/2, 1, e±iδ/2) and the non-zero entries of the matrices V are given by
V
(ij)
ii = V
(ij)
jj = cosθij ,
V
(ij)
ij = sin θij , V
(ij)
ji = − sin θij , V (ij)kk =
k 6=i,j
1
where θij are the mixing angles amongst the active leptons, and α1, α2 and δ are the CP -
violating phases. This allows to directly encode all constrains from neutrino oscillation
experiments in Uν and m
diag
ν . For n = 3 sterile flavours there are three complex “Euler
angles” ωij in R, while for n = 2 there would be only one such angle ω. We study the
perspectives to find the new states NI in laboratory experiments, in particular LHCb and
BELLE II, and focus on the mass range MI < 5 GeV.
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3 Leptogenesis
Leptogenesis can explain the matter-antimatter asymmetry in the universe by CP-violating
interactions of the NI in the primordial plasma. This requires a deviation from thermal
equilibrium [27], hence it can occur either during the production [12, 28] or the freeze-
out and decay [7] of NI in the early universe. We focus on the scenario where the BAU
is generated during NI production, which is often referred to as baryogenesis from neu-
trino oscillations. Due to their feeble interactions the NI are not produced in significant
amounts during cosmic inflation and reheating [29] and have in good approximation zero
abundance at the onset of the radiation dominated era. They are then produced thermally
from the primordial plasma. The combination of oscillations and CP-violating scatterings
during this nonequilibrium process can generate a matter-antimatter asymmetry. For the
parameters we consider the CP-violation contained in F typically acts most efficiently
when the primordial plasma has a temperature T ∼ 105 GeV, where sphaleron processes
rapidly violate baryon number B [30], but conserve B − L. The violation of total lepton
L number is suppressed by MI/T ≪ 1. However, there can be significant asymmetries
Lα in the individual flavours, with L =
∑
α Lα. For MI/T ≪ 1 the helicity states of the
Majorana fields NI effectively act as ”particles” and ”antiparticles”, and one can assign
approximately conserved lepton numbers LI to the sterile flavours. The sum L +
∑
I LI
is conserved in very good approximations at the temperatures T ≫ MI we consider. The
violation of the individual Lα occurs at order O[F 4], while L-violation occurs at order
O[F 6] via flavour dependent scatterings. These convert a part δL of the lepton asym-
metry into the LI , where it is hidden from the sphaleron processes that partly transfer
the remaining net asymmetry −δL into B. The Lα and B get washed out once the NI
come into equilibrium. If this process is incomplete at the time of sphaleron freezeout at
T = Tsph ∼ 130− 140 GeV [31–33], after which B is conserved, then a net B 6= 0 remains
protected from further washout at lower temperatures. This mechanism is explained in
more detail in Refs. [2, 13, 14, 20, 34, 35].
The rate of thermal NI production is given by ΓI = (F
†F )IIγavT . The quantity γav is a
numerical coefficient that depends onMI/T and has to be calculated in thermal field theory.
The asymmetry is bigger if generated at earlier times, hence larger couplings F give a larger
BAU. On the other hand, larger F also imply larger washout rates Γα = (FF
†)ααγ˜avT .
With γ˜av ≃ γav it is crucial that the Yukawa interactions F are large enough to generate
significant lepton asymmetries Lα at T ≫ Tsph, but small enough to prevent a complete
washout of all Lα before T = Tsph. This is most easily achieved if individual elements FαI
are sufficiently different in size that one active flavour α couples much more weakly to the
NI than the other two, leading to a flavour asymmetric washout that allows the asymmetry
in that flavour to survive until T = Tsph. For the sake of definiteness we assume in the
following that this is the electron flavour, i.e.
Γe ≪ Γµ,τ . (8)
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In the minimal scenario with n = 2 this is difficult to achieve because there is only one
complex angle ω in R. The strengths of the active-sterile couplings in all flavours are tied
together, as they are essentially governed by just one parameter Imω [20, 36–39]. This
generally leads to very small baryon asymmetries because a large asymmetry generation
at T ≫ Tsph necessarily implies a large washout for all flavours at T & Tsph, and the
observed BAU can only be explained if it is resonantly enhanced by a degeneracy in the
masses at the level < 10−3 [14, 20]. At the same time the non-observation of µ → eγ
implies strong upper bounds on the interactions of all flavours, which makes a detection at
colliders difficult [23]. The situation changes drastically in the n = 3 scenario. The reason
is that in this case there are three complex angles ωij in R. This enlarged parameter space
contains considerable regions in which Γe ≪ Γµ,τ .
In the following we exclude the mass degenerate case |MI−MJ | . ΓI from our analysis,
which requires a more sophisticated treatment of flavour oscillations [40–45] and makes up
only a small fraction of the parameter space. This allows to approximate Vν = Uν and
UN = 1. The lepton charge qα in the flavour α at T ≫ Tsph can be estimated as
qα
s
≈ −
∑
β
J 6=I
i
FαIF
†
IβFβJF
†
Jα − F ∗αIF TIβF ∗βJF TJα
sign(M2I −M2J )
×
(
m2Pl
|M2I −M2J |
) 2
3
1.2× 10−4γ2av . (9)
Here s is the entropy density and mPl the Planck mass. We define charges qI in the NI via
their helicity states. The expression (9) has been derived in [34] within the framework of
the nonequilibrium quantum field theory approach to leptogenesis [34, 40, 41, 46–59] and
allows to systematically include the different quantum and thermodynamical effects that
affect the asymmetry generation in a controlled approximation scheme. Up to numerical
coefficients it agrees with an expression found in [12] in the framework of density matrix
equations [60]. In this work we want to show, as a proof of principle, that leptogenesis is
possible with experimentally accessible NI . For this purpose we restrict ourselves to the
case
Γµ/H,Γτ/H > 1 at T = Tsph. (10)
Here H =
√
8π3g∗/90T
2/mPl is the Hubble rate and g∗ the number of relativistic degrees
of freedom in the primordial plasma. We denote charge densities in the µ-leptons, τ -
leptons and the NI after their equilibration by q
W
µ,τ and q
W
I . Equilibration of the chemical
potentials gives the relation 2qWµ = 2q
W
τ = q
W
I , where the factor 2 counts the SU(2) doublet
components. Lepton number conservation implies qWµ +q
W
τ +q
W
1 +q
W
2 +q
W
3 = qµ+qτ = −qe,
hence qWµ + q
W
τ = −(4/7)qe is the part of the asymmetry that is canceled before sphaleron
freezeout. Taking account of the qe washout and the sphaleron conversion factor [61, 62],
the BAU can be obtained as
qB
s
≃ −28
79
qe
s
3
7
e−Γe/H . (11)
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4 Parameter scan
We aim to identify the overlap between the parameter region where baryogenesis is pos-
sible and the experimentally accessible range of masses and mixings. We expect that the
baryogenesis region for given MI extends between a lower and upper bound on the angles
|ΘαI |. The lower bound comes from the requirement to produce enough asymmetry (9),
the upper bound from the requirement to keep at least one of the Γα small enough to
prevent a complete washout of the flavored asymmetries before sphaleron freezeout. To
determine the overlap with the experimentally accessible region, we perform a parameter
scan to identify the largest mixing |ΘαI | for which the observed BAU can be explained. We
compare it to current experimental upper bounds and to the expected future sensitivity.
For the sake of definiteness we study the the mixing between N2 and νµ, which has e.g.
been probed at LHCb. We have checked that the perspectives for N1 and N3 are similar.
We restrict ourselves to the fraction of the parameter space where (10) is fulfilled and (11)
can be used to compute the BAU. This is precisely the region where one can expect large
|ΘµI |.
We choose the Casas-Ibarra parametrization [26] defined above and fix M1 = 1 GeV,
M3 = 3 GeV, m1 = 2.5 × 10−3 eV, m2 = 9.05 × 10−3 eV and m3 = 5 × 10−2 eV. We fix
all other known neutrino parameters according to the global fits given in [63] and vary
M2. This approach is valid as long as radiative corrections δmν to mν are small [64]. We
restrict ourselves to the region where the effect of the one-loop correction [65]
δ(mν)αβ =
∑
I
1
(4π)2
FαIMIF
T
Iβ
×
(
3 ln[(MI/mZ)
2]
(MI/mZ)2 − 1 +
ln[(MI/mH)
2]
(MI/mH)2 − 1
)
(12)
on the observed δm2sol and δm
2
atm is smaller than the 2σ uncertainty quoted in [63]. For
each choice of M2 we perform a Monte Carlo scan of 5 × 108 points over the Majorana
phases α1 and α2, the Dirac phase δ and all three complex mixing angles ωij to identify
the parameter region where the observed BAU is explained. For all Imωij we scan the
interval [−5, 5], the dependence on all other parameters is periodic. The parameter γav
can be determined from the results for ΓI found in Refs. [66, 66–69], which slightly differ
from each other. We use the results from Ref. [67], which imply γav = 0.015 at T = Tsph
and γav = 0.013 at T = 10
5 GeV for MI ≪ Tsph.
The BAU can be measured in different ways, see e.g. Ref. [70] for a review. Here we
use the value qB/s = 8.58 × 10−11 inferred from the Planck data [71]. We accept a point
if (11) gives at least this value, as the asymmetry can always be reduced by varying the
CP-violating phases. We also require each point to be consistent with bounds on lepton
flavour violation on the low-scale seesaw [23, 72] from the rare decay µ→ eγ in the MEG
experiment [73] and the limits on neutrinoless double β-decay [23, 74, 75, 75–78] obtained
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by the GERDA experiment [79]. These are currently the strongest bounds on lepton flavour
violation and total lepton number violation, respectively [23, 80, 81]. For the branching
ratio of the decay µ→ eγ we use the expression [82, 83]
B(µ→ eγ) = Γ(µ→ eγ)
Γ(µ→ eνµν¯e) =
3αem
32π
|R|2 (13)
with
R =
∑
i
(V ∗ν )µi(Vν)eiG
(
m2i
M2W
)
+
∑
I
Θ∗µIΘeIG
(
M2I
M2W
)
and the loop function
G(x) =
10− 43x+ 78x2 − 49x3 + 4x4 + 18x3 log(x)
3(x− 1)4 .
and demand B(µ → eγ) < 5.7 × 10−13 [73]. To be consistent with the non-observation
of neutrinoless double β-decay we impose the bound mee < 0.2 eV [79] on the effective
Majorana mass
mee =
∣∣∣∣∣
∑
i
(Uν)
2
eimi +
∑
I
Θ2eIMIfA(MI)
∣∣∣∣∣ . (14)
Here fA = (MA/MI)
2fA, MA ≃ 0.9 GeV and fA = 0.079 for 76Ge. Finally, the lifetime of
the RH neutrinos is constrained by the requirement that they decay faster than about 0.1s.
Otherwise they would affect the formation of light elements in big bang nucleosynthesis
(BBN) in the early universe. To evaluate this criterion, we used the decay rates given in
[36] and [14]. The results of the scan are displayed in FIG. 1.
5 Experimental perspectives
From an experimental viewpoint there are three qualitatively different mass regions. In
all regions N2 can be produced in real W and Z-boson decays. In region i) with M2 < 2
GeV NI can also be produced in the decays D-mesons and B-mesons, in region ii) with
2GeV < M2 < 5 GeV N2 can be produced in the decay of B-mesons. In region iii) with
M2 > 5 GeV N2 is too heavy to be produced in meson decays. In FIG. 1 we show the
largest |Θµ2|2 we found that can lead to baryogenesis as a function of M2 in regions i)
and ii). This need not be an absolute upper bound, as there may be parameter choices
outside the region we scanned that yield an even larger mixing. However, the precise value
of the largest mixing that would be consistent with baryogenesis is practically not relevant
in the mass range we consider because the values we found lie considerably above the
experimental limits. This is also the reason why the uncertainties in our calculation in the
7
BELLE
past experiments
baryogenesis
LHCb
1000 2000 3000 4000 5000
10-9
10-7
10-5
0.001
M2 @MeVD
U
µ2
Figure 1: The red line shows the maximal mixing |Θµ2|2 we found consistent with baryoge-
nesis, i.e. below the line there exist parameter choices for which the observed BAU can be
generated. The scatter is a result of the Monte Carlo method and not physical. It indicates
that we have not found the global maxima, but the density of valid points decreases rapidly
for larger |Θµ2|2. The gray area represents bounds from the past experiments PS191 [84],
NuTeV [85] (both re-analyzed in [86]), NA3 [87], CHARMII [88] and DELPHI [89] (as given
in [90]). They are stronger than those from violation of lepton universality [91–94], see [2, 90]
for a discussion of other experimental constraints. The blue lines indicate the current bounds
from LHCb [95] (dotted) and BELLE [96] (dashed), which will improve in the future.
coefficient γav, the temperature dependence of the sphaleron rate near Tsph [33] and from
the neglected momentum dependence [18] in (11) do not affect our conclusion.
When comparing our bounds to limits inferred from experimental searches, it should be
kept in mind that experiments usually quote limits that are obtained under the assumption
that there is only n = 1 RH neutrino. For n = 2, leptogenesis with MI in the GeV range
requires that both masses are degenerate with a common mass M = (M1 +M2)/2 and a
splitting |M1−M2|/M < 10−3 that is too small to be resolved experimentally [14]. Hence,
one can convert the bounds quoted by experiments into constraints U2µ =
∑
I |ΘµI |2, as
both NI lead to experimental signatures at the same mass M [86]. For n = 3 the relation
between the measured branching ratios and |ΘαI |2 is more complicated; it depends on
several parameters and cannot be displayed easily. In particular, there is no need for
a mass degeneracy, so the individual |ΘµI | will lead to signals at different MI . Since
U2µ > |Θµ2|2, comparing the theoretical |Θµ2|2 to the bound on U2µ should therefore be
regarded as a conservative estimate of the experimental perspectives.
FIG. 1 shows that any experiment which improves the known bounds has the potential
to discover the NI responsible for baryogenesis. The most stringent bounds from past
experiments have been summarized in [14, 86, 90, 97]. In region i) these have already deeply
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entered into the cosmologically relevant parameter space, they impose U2µ < 10
−9 − 10−4.9
for MI below the Kaon mass and U
2
µ < 10
−7.5 − 10−6.3 below the masses of D-mesons.
No existing experiment has the potential to improve these bounds. However, the SHiP
experiment proposed in [24, 98, 99] would be able to probe a significantly larger fraction
of the cosmologically interesting parameter space down to U2µ ∼ 10−9 up to the D-meson
mass. In region ii) the strongest bounds come from the search for heavy neutral leptons
in Z-boson decays in the DELPHI experiment [89], from LHCb [95] and from the BELLE
experiment [96]. All of them have already entered the parameter region where baryogenesis
is possible. The published LHCb bounds are below those from DELPHI, but LHCb will
continue to take data after the upgrade to 14 TeV. The displayed bounds were obtained
with an integrated luminosity Lint = 3fb
−1 from the process B− → π+µ−µ−. The branching
ratio for this decay is ∝ |Θµ2|4, hence the bound on |Θµ2| under ideal conditions improves
as ∝ √Lint. With the anticipated Lint = 50fb−1 the bound will improve by a factor
∼ (2× 3/50)1/2 ∼ 6 in the region where the background is low, just enough to outperform
DELPHI and current BELLE bounds. The factor 2 comes from the enhanced production
of B-mesons at the 14 TeV LHC. Further improvement can be achieved by analysing
additional processes, e.g. the leptonic and semi-leptonic decays listed in [14, 36, 90]. These
include decays with other mesons or electrons in the final state. Though heavier mesons
in the final state kinematically restrict the range of accessible MI and the reconstruction
efficiency for electrons is lower, in combination these could significantly improve the bounds
at least in some part of the mass region below 5 GeV. The displayed bounds from BELLE
are stronger because they include a number of different processes. The increase in Lint
alone will make BELLE II an order of magnitude more sensitive to U2µ than BELLE.
Further improvement is possible if data from more channels is used in the analysis. This
includes “peak searches” for missing four-momentum, which can be competitive in spite of
a ∼ 103 times worse reconstruction efficiency because the branching ratio scales ∝ U2α, and
the sensitivity improves linearly with Lint. Though not shown in FIG. 1, also SHiP could
probe region ii). The expected sensitivity has not been calculated yet. Region iii) could
be probed in gauge boson decays, but no dedicated experiment of this kind is currently
planned.
To see if any realistic experiment could completely rule out this baryogenesis scenario
one has to determine the lower bound on the mixing. Our formula (11) to calculate the
BAU can only be applied in the parameter region where (10) is fulfilled, which is also the
experimentally most easily accessible region due to the large mixing with νµ. This strategy
does not allow to find the strict lower bound on |Θµ2|2 for which the BAU can be generated.
A complete analysis requires the numerical solution of quantum kinetic equations with
coefficients that can be derived systematically in thermal field theory, which we postpone
to future work. The smallest mixings we find for 0.5GeV < M2 < 5 GeV within the range
of validity of (10) and in absence of mass degeneracies are U2µ . 10
−10, which is an order
of magnitude below the anticipated SHiP sensitivity.
A strict lower bound on the mixing can in principle be derived using data from neutrino
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oscillation experiments independently of leptogenesis. For n = 2 degenerate sterile neu-
trinos a minimal active-sterile mixing U2µ can be derived from that [38]. For the scenario
considered here with n = 3, the situation is more complicated. In general, there is no
lower bound on any individual |ΘαI |2 [39]. For instance, Θµ2 can be set to zero by some
choices of ω23.
2 It is not possible to suppress the mixing of all NI if one wants to explain
the observed neutrino oscillations, i.e. U2µ must be non-zero and at least in principle has
a lower bound. If we, for instance, require all MI to lie in region i), then we numerically
find that at least one |ΘµI |2 must be larger than ∼ 10−13 if the sum of neutrino masses is
near the cosmological limit of 0.23 eV [71] or ∼ 10−12 if the lightest neutrino is massless
(both for normal hierarchy). However, if only one of the NI has a mass in region i) and
the other two are heavier, then the mixing of the light one can be arbitrarily small, which
seems discouraging for experimental searches. Note, however, that the considerations in
this paragraph are independent of leptogenesis. It could be that the requirement to ex-
plain the BAU with a non-degenerate mass spectrum imposes a stronger lower bound on
the active sterile mixing. This seems likely because if one of the NI has an extremely
suppressed mixing with active flavours, then it essentially decouples and one effectively
recovers a model with n = 2 as far as baryogenesis and neutrino masses are concerned, in
which case such constraint exists [14].
To confirm that the RH neutrinos are indeed responsible for baryogenesis in the early
universe, one would also have to measure the CP-violation in their interactions. Three of
the six CP-violating parameters in the model can be identified with the Dirac and Majorana
phases δ and α1, α2 in the neutrino mixing matrix Vν , which in principle experimentally
accessible. With present day technology the remaining CP-violation in the sterile sector
could only be probed in the parameter region where the mass spectrum is degenerate [100].
6 Parameter space measures
In the context of model building it is common to pose the questions how ”natural” or
”generic” the parameter choice that leads to interesting phenomena is. While such con-
siderations provide useful guidelines for theorists in face of the current absence of any
clear hints for new physics, it is clear that they cannot be used to judge the likelihood
of experimental discoveries, as there is no objective way to evaluate these criteria. Both
criteria strongly depend on the choice of parameterization, the first one in addition relies
on a subjective definition of what is natural. It is nevertheless instructive to apply them to
the parameter space under consideration. Common choices for a notion of “naturalness”
are a) the idea that all parameters should be of the same order or b) the stability against
2The required value for ω23 can be found analytically, but the expression is lengthy and by itself not
illuminating.
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radiative corrections [101].3
By virtue of the smallness of the Yukawa interactions, the model considered here is
natural in the sense of b) in the region below the red line in FIG. 1, cf. Eq.(12). The mass
spectrum is natural in the sense of a), as all masses and mass differences are roughly of
the same order in most of the parameters pace we studied. To apply criterion a) to the
Yukawa coupling matrix F we will use two different approaches, in order to at least partly
alleviate the parameterization dependence.
We first compare the quantity y ≡ √tr(F †F ) to the ”naive seesaw expectation” y0 =√
matmMM/v2, i.e. the would-be value of the Yukawa coupling in a world without flavour,
n = 1 and a neutrino mass of the order matm. We consider the representative mass
choice M1 = 1 GeV, M2 = 2 GeV, M3 = 3 GeV. For a typical point near the current
limit from BELLE of |Θµ2|2 < 3 × 10−5 we get y ≃ 5 × 10−5 For a Majorana mass of 2
GeV the naive seesaw expectation would yield y0 = (2GeV × matm/v2)1/2 ≃ 5.7 × 10−8.
The ratio y/y0 ≃ 1 : 845 of these two values implies that there are cancellations in the
eigenvalues of the matrix mνm
†
ν in this parameterization, which keep the neutrino masses
small in spite of relatively large couplings of the NI . For points near the anticipated SHiP
sensitivity |Θµ2|2 ∼ 10−9, with a mass M2 = 1.5 GeV in the regime where this sensitivity
can be achieved, we find y ≃ 1.2 × 10−6, a value roughly 25 times larger than y0. It was
suggested in [20] that the square of this ratio should be taken as a measure to quantify
these cancellations, since the physical neutrino masses scale as ∝ y2. This gives ratios of
roughly (y/y0)
2 ≃ 7.1 × 105 and (y/y0)2 ≃ 625, respectively. One possible interpretation
for the relatively large deviations from y0 is that leptogenesis can only occur in a “special”
region in parameter space. At this stage it is not obvious whether this region can be distinct
from others by some approximate symmetry or some other consideration. Another possible
interpretation is that the cancellations of large numbers in the neutrino mass matrix simply
indicates that we chose an inconvenient parameterization.
In a second approach we directly consider the individual parameter values. The most
important parameters for both, the CP-violation and the active-sterile mixing, are the
imaginary parts of the ωij. In principle these can take values from −∞ to ∞, but for
values of |Imωij| much bigger than the interval we consider radiative corrections to the
neutrino masses become large. Typical values that lead to leptogenesis for a |Θµ2|2 near
the BELLE limit are |Imω12| ∼ |Imω13| ∼ 4 and |Imω23| . 1, i.e. are all roughly of
the same order, but show a clear pattern. This reflects the requirement that the electron
flavour should be protected from washout, and the pattern may be different if we had
chosen another hierarchy in equations (8) and (10). In the region of smaller |Θµ2|2 near
the SHiP sensitivity, the |Imωij| do not show such a clear pattern and are generally of
order one. This can easily be explained, as in this region the NI-equilibration only occurs
3Though well-though theoretical arguments for these choices can be made, it should be kept in mind
that a) is not fulfilled in the SM in its standard parameterizations and b) implicitly assumes that nature
makes a qualitative difference between what we call the classical theory and quantum corrections, being
somewhat at odds with the idea that only observable quantities are meaningful in quantum mechanics.
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shortly before sphaleron freezeout and the criterion of an incomplete washout is fulfilled
for a wider choice of parameters.
We interpret our results as an indication that there are considerable regions in the
parameter space we investigated in which leptogenesis is possible. How extended these are
strongly depends on the measure used in the parameter space. In lack of any knowledge
about new physics beyond (1) that might govern the values of the masses and couplings, we
take a bottom-up approach that is agnostic with respect to parameterization and express
our results in terms of the observable active-sterile mixing in FIG. 1. As far as observables
are concerned, an interesting parameter region forM2 in regime ii) is the one with |ΘµI |2 ∼
10−5 near the experimental bounds. Here leptogenesis is possible when the U2e ≡
∑
I |ΘeI |2
is considerably smaller than U2µ , roughly by four orders of magnitude. For values of |ΘµI |2
near the anticipated SHiP sensitivity this difference reduces to a factor of order one. It
could be that even |ΘµI |2 < |ΘeI |2 is allowed in this region, but our assumption (8) prevents
us from exploring this possibility within the current approach. The region with small |ΘeI |2
is cosmologically motivated because it leads to a flavour-asymmetric washout of the lepton
asymmetries in the early universe, which allows to have observably large mixings with other
flavours. At the same time it automatically implies consistency with the bounds on (13)
and (14). It would be interesting to see if this region is characterized by a symmetry, such as
an approximately conserved lepton number that is responsible for the smallness of neutrino
masses, or some other model building consideration. We postpone the investigation of this
question to future work.
7 Conclusions
We have shown that three RH neutrinos in the type-I seesaw model (1) with masses in the
GeV range and experimentally accessible mixings can explain the BAU via leptogenesis.
No degeneracy in the Majorana masses is required. In the limit of degenerate Majorana
masses the model is expected to resemble many properties of the well-known νMSM. For
a non-degenerate mass spectrum makes this scenario is clearly distinguishable from the
νMSM and other realizations of resonant leptogenesis.
A discovery of heavy neutral leptons at LHCb or BELLE would be smoking gun ev-
idence that these particles can be the common origin of matter in the universe and the
observed neutrino masses. Both of these experiments have already entered the cosmologi-
cally interesting parameter space and will continue to take data after the updates currently
under way. The chances for a discovery can be optimized by studying all possible decay
channels of B-mesons that involve NI . The perspectives would be even better at the
proposed SHiP experiment, for which our findings provide strong motivation.
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